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Abstract Multilayer graphene shell encapsulated gold nanopar-
ticle—quantum dot hybrids were derived by combining wet-
chemical, thermal, and covalent chemistry approaches. Uniform-
ly patterned gold nanoparticles on a silicon substrate were ob-
tained via gold film deposition in an electroless method followed
by a thermal dewetting process. The resulting gold nanoparticles
were further surface oxidized and utilized as catalysts for the
chemical vapor deposition growth of multilayer graphene shell
encapsulated on the gold nanoparticles (referred as “multilayer
graphene shell encapsulated Au nanoparticle” or graphene nano-
particles (GNPs)). As a next step, the surface of GNPs was mod-
ified to result in carboxylic (−COOH) functionalities, which en-
abled carbodiimide-based covalent linking of amine-terminated
CdSxSe1-x@ZnS quantum dots (QDs) on the GNP surface. The
GNPs and GNP-QD heterostructures were characterized using
scanning and transmission electron microscopy for size, mor-
phology, spatial distribution, and crystal structure evaluation. In
addition, UV-vis, fluorescence spectroscopy, and discrete dipole
approximation (DDA) modeling were utilized for understanding
the band gap energies, fluorescence quenching, and light-matter
interactions of the derived hybrids/heterostructures.
Keywords Graphene . Gold nanoparticles . Quantum dots .
Optical properties, discrete dipole approximation
Introduction
The surface modification of photonic nanostructures such as
gold (Au) nanoparticles can lead to novel physical phenomena
including selective light-matter interactions and rapid energy
transfer processes [1–3]. The surface modification of Au
nanoparticles could be achieved by using ligand coatings, in-
organic material shells, or covalent/physical adsorption of
nanoparticles or quantum dots of another material [4]. How-
ever, the challenge is to achieve stable coating around Au
nanoparticles, which prevents the exposure of Au nanoparti-
cles to unwanted solution environment, prevent their aggrega-
tion, and yet retain their properties [4–6]. Overcoming this
challenge will also enable conservative utilization of Au nano-
particles in photonic applications. In addition, the need is for
imparting diverse surface chemistry to Au nanoparticles. A
promising approach is to encapsulate Au nanoparticles in a
sub-5-nm-thin carbon or graphene shell. Such modification of
Au nanoparticles can lead to hierarchical heterostructures by
utilizing rich carbon chemistry. An attractive architecture will
be to bind quantum dots [7–9] onto carbon encapsulated Au
nanoparticles. The carbon component can also influence the
light-matter interactions for such hybrid systems, for example,
by reducing scattering effects [10]. Such hybrid systems can
be envisioned as a new kind of metamaterial architectures.
Recently, surface decoration of Au nanoparticles with chemi-
cally exfoliated graphene was reported for biosensors and bio-
electronics [11–13]. However, the corrosive nature of the exfoli-
ation process and the inability of wrapped graphene to form an
impervious shell around Au nanoparticles limited their electrical
and optical properties. In this regard, encapsulation of Au
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nanoparticles in a sub-5-nm-thick carbon shell or a multilayer
graphene shell has been recently demonstrated by the authors
using an in situ carbon growth approach [14–16]. This scalable
approach employs a chemical vapor deposition (CVD) of multi-
layer graphene shells directly onto patterned Au nanoparticles
(referred as “multilayer graphene shell encapsulated Au nanopar-
ticle” or graphene nanoparticles (GNPs)) [10–12]. The presence
of multilayer graphene shell (sub-5 nm thickness) influenced the
optical properties and stability (chemical and thermal) of the en-
capsulated Au nanoparticles [10–16]. In addition, carbon surface
chemistry allows for target-receptor bioanalysis and sensing [16].
In this short note, we report an approach for the controlled
patterning of multilayer graphene-modified Au nanoparticles
(or GNPs) on a silicon substrate and covalent linking of GNPs
with semiconducting CdSxSe1-x@ZnS quantum dots (referred
as GNP-QD heterostructures). High-resolution electron mi-
croscopy was utilized to study the crystal structure, interfaces,
and binding of quantum dots with GNPs. Optical properties of
heterostructures were analyzed using UV-vis and fluorescence
spectroscopy. For understanding the light-matter interactions,
discrete dipole approximation (DDA) modeling method was




Silicon (Si) wafers (111) were purchased from IWS (Colfax,
CA). Potassium gold (III) chloride was purchased from Sigma-
Aldrich (St. Louis, MO). Hydrogen fluoride (~50 wt%) was
purchased from VWR (Atlanta, GA). Ammonium fluoride
was purchased from Alfa Aesar (Ward Hill, MA). 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulfonic
acid (MES) were purchased from Thermo Scientific (Rockford,
IL). Amine-terminated CdSexS1-x/ZnS core/shell fluorescent
quantum dots were purchased from Cytodiagnostics (Burling-
ton, Canada). Deionized (DI) water (18.1 MΩ-cm) was obtain-
ed using a Barnstead International DI water system (E-pure
D4641). All chemicals were used without further purification.
Buffered oxide etch (BOE) solution was prepared by mixing
~40 wt% NH4F and ~50 wt% HF in DI water (volume ratio of
6:1). The GNP growth was carried out in a Lindberg blue three-
zone tube furnace (Watertown, WI) with a quartz tube pur-
chased from ChemGlass (Vineland, NJ).
Synthesis of multilayer graphene shell encapsulated Au
nanoparticles
Au film was deposited on the silicon substrate using acid-based
wet-chemical method [17, 18]. In this method, cleaned silicon
substrate was treated with BOE solution to remove the surface
oxide layer. This was followed by immersing the substrate in
the acidic solution comprised of ~1 mM KAuCl4 in ~1 wt%
HF. This reaction (also referred as electroless or galvanic depo-
sition) was carried out for 45, 90, and 120 s to result in Au films
with different thicknesses. The substrate was washed with DI
water, dried, and subsequently annealed at 850 °C in air for
10 min. This annealing step led to de-wetting of Au film and
resulted in Au nanoparticles patterned onto the silicon sub-
strate. Growth of multilayer graphene shell around Au nano-
particles (GNPs) was accomplished in a CVD process [14–16]
for patterned Au nanoparticles after dewetting of three samples
(i.e., Au films) on silicon substrates deposited for 45 s
(GNP_45), 90 s (GNP_90), and 120 s (GNP_120). The GNP
growth was conducted as described next. Briefly, Au nanopar-
ticles patterned on silicon substrate were treated with oxygen
plasma for 15 min to result in surface gold oxide. This was
followed by the CVD growth of multilayer graphene shell at
~675 °C for 1 h. Xylene was used as the carbon source. The
carrier gas was 10 % H2/Ar with a total flow rate of 1.15 SLM.
This process resulted in patterned growth of GNPs on the sili-
con substrate. Finally, the –COOH derivatization on the GNPs
was carried out by treating the as-grown GNPs with oxygen
plasma for 15 s (power 120 W, oxygen pressure 300 mTorr).
Covalent binding of quantum dots on GNPs
Commercially bought and amine (−NH2)-terminated CdSxSe1-
x@ZnS quantum dots were covalently linked with (−COOH)-
derivatizedGNPs via the carbodiimide chemistry [19–21]. Brief-
ly, the (−COOH)-terminated GNPs patterned on the silicon sub-
strate were immersed in a ~50 mMMES buffer (pH=6.1) solu-
tion containing ~2 mM EDC and incubated for 10 min under
gentle shaking. This was followed by addition of ~4 mM NHS
and further incubation for 1 h. This process allowed the forma-
tion of stable amine-reactive NHS ester on the surface of GNPs.
The substrate was gently washed with PBS buffer (pH=7.4) and
then immersed in the PBS buffer (pH=7.4) containing 2 mM
(−NH2)-terminated CdSexS1-x/ZnS quantum dots. This reaction
was continued for 12 h to form the amide bonds (−CONH-) and
result in the covalently linked GNP-QD heterostructures. The
final product was washed with DI water and dried in N2. For
the measurement of fluorescence spectra, this carbodiimide
chemistry was conducted in solution. The GNPs of each size
were collected by sonicating a substrate of 2×2 cm2 in DI water
for 30 min. For binding to QDs, similar carbodiimide chemistry
process was conducted as described above. In all the samples,
the starting QD concentration was kept constant.
Characterization methods
FE-SEM (JEOL-7000) and Tecnai F-20 TEM were used to
characterize the morphology, crystal structure, and/or
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interfaces of the GNPs and GNP-QD heterostructures. The
dimension, number density, and shell thickness were estimat-
ed accordingly. UV-vis absorbance spectra were obtained
using DH-2000UV-VIS-NIR light source. Fluorescence spec-
troscopy (JASCO FP-8200) was used to characterize the fluo-
rescence quenching effect of GNP-QD heterostructures.
The band gap energies for the as-purchased quantum dots
and the GNP-QD heterostructures were further determined
using Eq. (1) [22, 23]:
ahv ¼ A hv−Eg
 n ð1Þ
where a is absorbance coefficient, A is a constant, hv is the
energy of light and n is a constant depending on the nature of
the electron transition (n assumes 1/2, 2, 3/2, and 3 for allowed
direct, allowed indirect, forbidden direct, and forbidden indi-
rect transitions, respectively). CdSxSe1−x/ZnS quantum dots
have been reported as an allowed direct semiconductor; as a
result, the optical band gaps were calculated by extrapolating
straight lines of the Tauc plots [(ahv)2 vs. hv] to the intercept
where (ahv)2=0 [24, 25].
Discrete dipole approximation (DDA) method was used to
simulate the plasmonic properties of the GNPs and GNP-QD
heterostructures [26]. This method is based on the solution of
3D Maxwell equation using the DDSCAT code developed by
Draine and Flatau [27, 28]. Briefly, DDSCAT 7.2 was utilized
to estimate the normalized electric field or surface plasmon
generation for nanostructure/heterostructure targets. The nor-
malized electric field intensity is defined as the strength ratio
between the electric field generated near the nanostructures
and the incident electric field (|E|/|E0|). The geometrical targets
were created using the 3D max software for GNPs and GNP-
QD heterostructures with various sizes. The effective radius of
the targets was calculated via: reff=(3V/4π)
1/3, where V is the
total volume of the 3D targets and is calculated with V=Nd3
(N is the number of dipoles and d is the lattice spacing in cubic
array). Near-field electric field distributions were extracted
using the DDFIELD utility in DDSCAT 7.2 and processed
using MayaVi 2 from Python(x, y).
Results and discussion
The patterning of Au nanoparticles on the silicon substrate
was achieved in an electroless or galvanic deposition process
[17, 18] followed by the high-temperature annealing. Electro-
less Au deposition reaction was performed for different dura-
tions (45, 90, and 120 s). Increasing reaction time led to
thicker Au films. The electroless deposition process involved
the replacement reaction between Au3+ and Si in an aqueous
solution containing F−, which resulted in deposition of a uni-
form Au film on the silicon substrate [29]. Followed by this,
the dewetting of Au films resulted in uniformly sized and
patterned Au nanoparticles on the silicon substrate. For the
growth of multilayer graphene shell, Au nanoparticles were
surface oxidized [14] and utilized as catalysts in a xylene-
based CVD process [14, 15].
Figure 1a–c shows the SEM images of the GNPs
(GNP_45, GNP_90, and GNP_120) obtained for three differ-
ent samples with increasing Au nanoparticle sizes. The micro-
scopic images clearly show that GNPs were uniformly pat-
terned onto the substrate (Fig. 1a–c), and a multilayer
graphene shell (Fig. 1d–f) was observed with a core Au nano-
particle encapsulated within. The carbon inter-planar spacing
is observed to be between 0.37 and 0.40 nm (Fig. 1d–f). This
carbon inter-planar spacing larger than that for c-axis lattice
spacing of graphite (~0.34 nm) could be attributed to the cur-
vature state of graphene shell [15]. Using microscopic charac-
terization, the GNP size, inter-particle spacing, and spatial
density for various samples were estimated (Table 1). It can
be noted (Fig. 1g) that the GNP size increases with increasing
electroless deposition duration of Au film. This suggests that
longer deposition time led to thicker Au film, which further
resulted in larger-sized Au nanoparticles for a fixed dewetting
condition. In addition, the size distribution of GNPs was
broader for larger-sized GNPs than that for smaller-sized ones.
This indicates that Ostwald’s ripening effect and surface mi-
gration of species enhanced with the size of the nanoparticles
[15]. It is also noted that with the increase of GNP size, an
increasing trend in inter-particle spacing and decreasing trend
in spatial density of GNPs is observed. The thickness of mul-
tilayer graphene shell corresponding to Fig. 1a–c is observed
to be ~2.5±0.3, ~3.8±0.2, and ~4.2±0.5 nm for GNP_45,
GNP_90, and GNP_120 samples, respectively. This increas-
ing shell thickness with increasing GNP/Au nanoparticle size
suggests that larger Au nanoparticles can result in thicker
graphene shell.
The as-produced and patterned GNPs on the silicon sub-
strate were subjected to plasma oxidation process to enable
the formation of –COOH groups on the multilayer graphene
shell. In addition, this controlled process also assists in remov-
ing the amorphous carbon present on the shell or etching the
shell [30]. As a next step, these (−COOH)-functionalized GNPs
were covalently linked with (−NH2)-terminated CdSxSe1-x/ZnS
quantum dots [19, 31]. Figure 2a–c shows TEM images of the
resulting GNP-QD heterostructures that were derived using
GNP_45, GNP_90, and GNP_120 samples. These three sam-
ples are referred as GNP-QD_1, GNP-QD_2, and GNP-QD_3.
High-resolution TEM images (Fig. 2a, d, and e) clearly show
the attached quantum dots with sizes between 4 and 5 nm and
lattice spacing of ~0.34 nm (which is corresponding to (111)
plane of CdS). Since TEM images are 2D images, it is impos-
sible to identify the spatial location of the quantum dots on
GNPs, but their presence on the shell can be easily identified
as shown in Fig. 2. As shown in Fig. 2a–c, it is clear that
quantum dots are uniformly coated around the GNPs. Based
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on this observation, the surface coverage of quantum dots on
the GNPs is estimated to be ~40 % for GNP-QD_1, ~18 % for
GNP-QD_2, and ~15 % for GNP-QD_3. The difference in QD
surface coverage as a function of GNP size could be attributed
to several factors such as GNP size including shell thickness
and extent of carboxylic (−COOH) derivatization. GNPs with
smaller size have larger curvature of graphene shell, which
induces larger strains on the surface as compared to that for
the larger GNPs. Under the same plasma treatment conditions,
the smaller GNPswith high surface energy are prone to result in
more defects and the enhanced formation of –COOH functional
groups [30, 32]. As a results, due to the larger amount of –
COOH groups on smaller GNPs, the latter covalently attach
to more number of NH2-terminated QDs. This unique approach
presents a simple method to develop highly ordered assemblies
comprised of multiple components (Au nanoparticles, multilay-
er graphene shell, and quantum dots).
It is known that Au nanoparticles and quantum dots have
unique plasmonic and photonic characteristics [10, 33]. How-
ever, these characteristics are difficult to manipulate except by
varying the size and aggregation of such photonic nanostruc-
tures. In this regard, mathematical modeling has predicted that
GNPs can exhibit modulated plasmonic and photonic proper-
ties by simply varying the thickness of the multilayer
A B C
D E F
0.24 f 0.02 nm
Au (111)
0.38f 0.02 nm
0.37 f 0.03 nm
0.39 f 0.02 nm
500 nm 500 nm 500 nm
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G H
Fig. 1 a–c SEM images of GNPs
with different size that were
uniformly patterned onto silicon
substrate. d–f TEM images of
GNPs corresponding to a–c. g
Histogram showing the
distribution of GNP diameter for
various GNP samples. h
Histogram of GNP diameters and
inter-particle spacing for various
GNP samples
Table 1 Size, inter-particle spacing, and spatial density of various GNP samples with different size
Samples Diameter of GNPs (nm) Inter-particle spacing of GNPs (nm) Spatial density of GNPs (108/cm2)
GNP_45 38.87±12.47 37.58±12.05 104.56
GNP_90 102.19±30.72 87.42±25.86 18.09
GNP_120 169.92±53.59 150.74±44.70 8.55
The sample name indicates a numerical value that corresponds to the duration of the initial electroless deposition of Au film
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graphene shell [10]. In addition, multilayer graphene shell
around Au nanoparticles allows for enhanced absorption with
minimal scattering. Thus, GNP-QD heterostructures are of
particular interest for optical applications. The optical
properties of GNPs and GNP-QD heterostructures were stud-
ied using UV-vis absorbance spectroscopy (Fig. 3a). The as-
produced GNPs showed broad absorbance peaks at ~550,
~570, and ~590 nm. These peaks could be attributed to the
5 nm 20 nm 20 nm
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D E









Fig. 2 TEM images of the GNP-
QD heterostructures
corresponding to a GNP_45, b, d
GNP_90, and c, e GNP_120.
Note: d and e show the high-
resolution TEM for attached
quantum dots on GNPs as shown
in b and c. The blue dotted lines




Fig. 3 UV-vis absorbance
spectra for a GNP samples and
corresponding b GNP-QD
heterostructures. c Tauc plots or
(αhυ)2 vs. hυ plots used for the
band gap energies estimation of
the as-purchased quantum dots
and GNP-QD heterostructures. d
Fluorescence spectra of the as-
purchased quantum dots and
GNP-QD heterostructures
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visible absorption of the encapsulatedAu nanoparticle in GNP
[34]. The red shift in this peak for the three GNP samples
could be attributed to the different thickness of the multilayer
graphene shell and the size of the encapsulated Au nanoparti-
cle and is largest for GNP_90 sample [34]. Another absor-
bance peak was observed in the UV region (280–290 nm)
and attributed to the overlapping of UV absorption of multi-
layer graphene shell and inter-band transition of Au nanopar-
ticles [35, 36]. Suppression of this peak for thicker multilayer
graphene shell was observed and could be due to the weaken-
ing of inter-band transition of Au nanoparticles or presence of
amorphous carbon on thicker multilayer graphene shell. Apart
from the peaks described above, all the three GNP-QD
heterostructure samples exhibited peaks at ~485 nm corre-
sponding to the absorption of quantum dots (Fig. 3b). It must
be noted that attachment of quantum dots onto GNPs resulted
in red-shifted peaks (from ~280–290 nm to ~300–310 nm)
corresponding to Au inter-band transition or multilayer
graphene shell. This could be attributed to light-matter inter-
actions between GNP and quantum dots. Overall, these as-
pects indicate that individual component in hybrid assembly
retained its optical behaviors and the presence of multilayer
graphene shell modulated this further.
Tauc plots (Fig. 3c) were derived using the absorbance
spectra in Fig. 3b to evaluate the band gap energies of the
GNP-QD heterostructures. The inset in Fig. 3c shows that
21.6 nm
51.6 nm 81.6 nm
81.6 nm51.6 nm
21.6 nm 5 nm
0.8 nm 0.8 nm 0.8 nm







Fig. 4 3D targets for various (a–
f) GNP samples and (g–k) GNP-
QD heterostructure samples.
Note: GNP samples (a–c) were
named as targets #1–#3 and the
GNP-QD heterostructure samples
(g–i) were named as targets #4–#6
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the as-purchased quantum dots exhibited two band gaps at
~2.6 and ~3.4 eV, which are attributed to CdS and ZnS,
respectively [37]. One can observe in Fig. 3c that covalent
linking of quantum dots onto GNPs has no significant effect
on their band gap energies or band structure. This indicates
that GNPs provide an excellent support for quantum dots
while preserving the optical properties of latter in the
heterostructure configuration. Such heterostructures with
complex architectures hold strong potential for solar
energy-harvesting devices, photocatalysis and Förster reso-
nance energy transfer (FRET).
The fluorescence characteristics of GNP-QD heterostructures
were characterized using the fluorescence spectroscopy. Since
the emission of fluorescence from quantum dots occurs during
the recombination of excited electron with the ground state, the
intensity of fluorescence spectra is indicative of the charge re-
combination processes. The attachment of quantum dots onto
electron-accepting surfaces (Au, graphene, or GNPs) prevents
recombination of charge carriers. This resulted in fluorescence
quenching effect (around 500 nm, Fig. 3d) for the GNP-QD
heterostructures, which show reduced fluorescence intensity
[38]. In addition, the quenching effect becomes more pro-
nounced with the increase of GNP size since larger gold nano-
particles have stronger surface plasma resonance, which strongly
influences the electron transfer and separation in photovoltaic
devices [39, 40]. As compared with the as-purchased quantum
dots, the quenching efficiency (estimated by the percentage ratio
of spectral area in Fig. 3d) is 83.16, 75.93, and 70.43% forGNP-
QD_1, GNP-QD_2, and GNP-QD_3, respectively.
GNP-QD heterostructures as derived in this study are poten-
tially important for applications such as surface-enhanced Ra-
man scattering (SERS), plasmonic-enhanced photocatalysis,
THz devices, and optoelectronic devices. Aimed at these po-
tential applications, it is necessary to understand the influence
of multilayer graphene shell, encapsulated Au nanoparticles,
and attached quantum dots on the plasmonic properties of
GNP-QD heterostructures. This was achieved by simulating
the extinction spectra (including absorbance and scattering)
and surface electric field distribution for GNPs and GNP-QD
heterostructures [27, 28]. The targets were comprised of an
arrangement of dipoles for which extinction spectra and nor-
malized electric field distributions were numerically solved
[27]. Three spherical GNP targets (Fig. 4a-f) were derived by
considering equally spaced Au nanoparticles (diameters ~20,
~50, and ~80 nm, referred as target #1, target #2, and target #3,
respectively). The thickness multilayer graphene shell was
~0.8 nm. The GNP-QD targets were derived by considering
quantum dots with diameter of 5 nm that were closely packed
around three GNP targets (Fig. 4g–k, referred as target #4,
target #5, and target #6). The simulation assumes air as an
environment surrounding targets. The extinction efficiency is
given by a combination of scattering and absorption as follows:
Qext ¼ Qsca þ Qabs ð2Þ
where Qext is the extinction efficiency factor, Qsca is the scat-
tering efficiency factor, and Qabs is the absorbance efficiency
factor. The extinction spectra for all the GNPs and GNP-QD
targets were deconvoluted into absorbance and scattering
A B C
D E F
Fig. 5 Simulated extinction efficiency spectra as a function of
wavelength for the GNP targets (a–c: targets #1–#3) and the GNP-QD
heterostructure targets (d–f: targets #4–#6) shown in Fig. 4. Note: The
extinction efficiency spectra were further deconvoluted into absorbance
and scattering spectra for each target as shown as overlay in individual
spectra plot
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spectra (Fig. 5, using Eq. 2). The main extinction peaks were
observed between ~530 and ~570 nm as well as at ~270 nm.
These simulated peaks were consistent with experimental re-
sults (Fig. 3a, b) and attributed to the visible absorption of gold
and the overlap of UV absorption of graphene and inter-band
transition Au d-electrons [36, 41]. For small GNP and GNP-
QD targets (RGNP=10 nm), the scattering component was sig-
nificantly suppressed as compared to the absorption component
(Fig. 5a, d) [35]. However, with increasing GNP size (RGNP=
25 nm and 40 nm), the scattering for both, GNP and GNP-QD
targets, were enhanced (Fig. 5b, c, e, and f). This observation
can be well explained by the theoretical calculation reported
earlier [35]. When nanoparticles are small compared to the
wavelength of light, the scattering is in the Rayleigh regime.




k4R6F mð Þ ð3Þ
where k ¼ 2πλ (λ is the wavelength), R is the radius of the
particles, and F(m) is a function of the refractive index (m).
The absorption (Qabs) can be written as:
Qabs ¼ 4πkR3E mð Þ ð4Þ
where E(m) is also the function of the refractive index relying
on a non-zero imaginary part. Thus, the ratio of scattering to
absorbance is e 23 kRð Þ3 FE , which is further equivalent to (kR)3.
Considering a wavelength of ~500 nm, for GNPs with R
equals to 10, 25, and 40 nm, the value of (kR)3 is 0.002,
0.031, and 0.127, respectively. This result demonstrates a con-
sistent trend with the ratio of scattering to absorbance in Fig. 5.
The extinction spectra for all the targets simulated here
were further summarized in Fig. 6a. One can observe that
large GNP and GNP-QD targets show significantly enhanced
extinction as compared with the smaller ones. The trend from
this simulation in Fig. 6a actually have a consistence with
E k E k E k




Fig. 6 a Simulated extinction efficiency spectra for the GNP and GNP-
QDheterostructure targets. bNormalized electric field intensity (E/E0) vs.
positions (from center to the edge of target). c–hNormalized electric field
distributions near/around the GNPs (c–e: targets #1–#3) and GNP-QD
heterostructures (d–f: targets #4–#6). Note: Scale bar in c–h: 10 nm
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these experimental results (Fig. 3). As observed, target #3 and
target #6 (corresponding to GNP-120 and GNP-QD_3, re-
spectively) showed a small difference in extinction efficiency.
However, targets #1 and #3 (corresponding to GNP-45 and
GNP-QD_1, respectively) showed the largest extinction effi-
ciency difference among the three target sets. This is further
confirmed by the normalized electric field imaging in Fig. 6b.
At the same time, it is important to note that the extinction
efficiency difference observed in the simulation results is not
as large as that observed in experimental results. This is be-
cause of two reasons: (1) the simulation is conducted in an
ideal environment for individual GNP or GNP-QD
heterostructures, while in the experiment, the GNP or GNP-
QD heterostructures were exposed in ambient environment
and further dispersed on a silicon substrate, which have sig-
nificant reflection to the incident. This resulted in the devia-
tion of experimental and simulation results. (2) In the simula-
tion part, we assume that QDs are closely packed on the GNP
surface. However, in the experiment, the absorbance was col-
lected from a number of GNPs or GNP-QD heterostructures.
In addition, the QDs were not tightly packed on the surface of
GNPs. Since the GNP-45 sample had the highest surface cov-
erage of quantum dots, it showed highest absorbance increase
in experimental.
Normalized electric field distribution on or near the surface
of the targets was further generated under the incident wave-
length corresponding to the maximum of visible extinction
peak of each target (Fig. 6c–h). For GNPs, the strongest elec-
tric filed is accumulated on the surface of the spherical targets,
where the incident electromagnetic wave was parallel to the
localized surface area vector. With respect to the GNP-QD
heterostructures, the strongest electric field areas (normally
called Bhot spots^) were mainly accumulated at the interface
of GNP and quantum dots.
The variation of normalized electric field intensity (|E|/|E0|)
along the central line of the target across the incident direction
was shown in Fig. 6b. The symmetrical sharp peaks indicate
the strongest electric field accumulated at the surface of GNPs
or the interface of GNP-QD targets. One can also observe that
GNPs show enhanced electric field near the surface with in-
creased particle size. This trend is consistent with the extinc-
tion spectra showing in Fig. 6a. However, the varying trend of
electric field intensity at the interface of GNP-QD
heterostructures is reversed from the GNP targets. It was ob-
served that large GNP and GNP-QD targets (RGNP=40 nm)
show equivalent electric field intensity, while small GNP-QD
target (RGNP=10 nm) shows significantly enhanced electric
field at the Bhot spot^ as compared with the corresponding
GNP. This again indicates strong light-matter interaction be-
tween small GNPs and quantum dots. Such simulation pro-
vides interesting fundamental knowledge for understanding
and designing future plasmonic devices based on GNPs and
GNP-QD heterostructures.
Conclusions
In summary, multilayer graphene shell encapsulated Au
nanoparticle—quantum dot hybrids were fabricated using
the electroless deposition, thermal annealing, CVD, and
self-assembly chemistry. The fabrication process also demon-
strates a unique combination of both, top-down and bottom-
up approaches. The thermal dewetting of Au films led to
controlled patterning of Au nanoparticles, which further en-
abled patterned growth of GNPs in a CVD process. The
presence of encapsulating multilayer graphene shell around
Au nanoparticles enhanced the surface chemistry of the
GNPs and allowed their linking with quantum dots in a sim-
ple carbodiimide functionalization approach. The high-
resolution electron microscopy showed that crystal structure
of individual components present in the heterostructures or
hybrids. UV-vis spectroscopy showed that presence of mul-
tilayer graphene shell did not suppress but modulated the
absorbance peaks corresponding to encapsulated Au nano-
particles. GNPs could be successfully utilized as substrates
for loading quantum dots without influencing the absorbance
characteristics and their band gap energies. It was observed
that fluorescence response for the quantum dots was
quenched for the quantum dots loaded onto GNPs, and this
was attributed to the electron-accepting characteristics of the
latter. This fluorescence quenching was dependent on both,
the size of GNPs and quantum dot loading on the GNPs.
Meanwhile, the DDA simulation indicates that Au nanopar-
ticles preserved their plasmonic properties after graphene en-
capsulation and quantum dot attachment. Strong light-matter
interaction between GNP and quantum dots (especially for
GNP with smaller size) was estimated.
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